Sequence-specific recognition of DNA can be achieved by triple helix-forming oligonucleotides that bind to the major groove of double-helical DNA. These oligonucleotides have been used as sequence-specific DNA ligands for various purposes, including sequence-specific gene regulation in the so-called 'antigene strategy'. In particular, (G,A)-containing oligonucleotides can form stable triple helices under physiological conditions. However, triplex formation may be in competition with selfassociation of these oligonucleotides. For biological applications it would be interesting to identify the conditions under which one structure is favoured as compared to the other(s). Here we have directly studied competition between formation of a parallel (G,A) homoduplex and that of a triple helix by a 13 nt (G,A)-containing oligonucleotide. Temperature gradient gel electrophoresis allows simultaneous detection of competition between the two structures, because of their different temperature dependencies and gel electrophoretic mobilities, and characterisation of this competition.
INTRODUCTION
Short synthetic oligodeoxyribonucleotides can bind to oligopyrimidine·oligopurine structures in a sequence-specific manner by forming triple helices in the major groove of the DNA duplex (1, 2) . Such triplex-forming oligonucleotides (TFOs) provide a rational basis for the design of sequencespecific DNA ligands for various purposes (reviewed in 3). At least three structural classes of triple helices exist that differ in sequence composition and relative orientations of the phosphate-deoxyribose backbone of the third strand (4) . In the pyrimidine motif a (C,T)-containing oligonucleotide binds parallel to the target oligopurine strand through Hoogsteen hydrogen bonds and forms isomorphous C·GC + and T·AT base triplets. Due to the requirement for cytosine protonation, the stability of a (C,T) motif triple helix is pH dependent. In the purine motif (G,A)-containing oligonucleotides bind in an antiparallel orientation to the oligopurine strand of the duplex by forming C·GG and T·AA base triplets through reverse Hoogsteen hydrogen bonding interactions. (G,T)-containing oligonucleotides can form triplexes involving either Hoogsteen or reverse Hoogsteen hydrogen bonds and have a parallel or antiparallel orientation with respect to the target oligopurine strand sequence, respectively. It has been shown that the preferred strand orientation depends on the sequence of (G,T)-containing oligonucleotides (5) . The formation of both (G,A) and (G,T) motif triple helices is pH independent but requires the presence of divalent cations in the millimolar concentration range (6, 7) . Interestingly, triple helices stable at high temperature have been observed with (G,A)-containing oligonucleotides (8) (9) (10) . Recently it has been shown that the enthalpy of formation of several short (G,A) motif triplexes is very low, implying that their stability is little affected by an increase in temperature (11) . However, these G-rich oligonucleotides are particularly prone to self-association, forming inter-or intramolecular structures that may compete with triplex formation, such as parallel or antiparallel (G,A) homoduplexes or G quadruplexes (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Moreover, it has been shown that, in certain cases, the sequence-specific biological effects of G-rich oligonucleotides were due to mechanisms other than triple helix formation and rather involved the formation of G tetrad structures (22) . It is therefore important to characterise the competition between formation of the self-associated structures and that of the triple-helical complex, in order to understand the mechanism of action of these oligonucleotides. We have used the thermal gradient gel electrophoresis (TGGE) method, which was initially introduced to analyse the conformational transitions of double-stranded RNA (23, 24) and tertiary structures in tRNAs, introns and ribozymes (25) (26) (27) and has recently been used to separate and analyse DNA topoisomers (28) .
In the present study the TGGE method allowed us to visualise and characterise the competition between self-association of a 13 nt (G,A)-containing TFO, which forms a parallel homoduplex structure (19) , and triplex formation by the TFO on its DNA oligopyrimidine·oligopurine target sequence, as well as to analyse the temperature dependence of triplex stability. 
MATERIALS AND METHODS

Oligonucleotides
Oligonucleotides were purchased from Eurogentec and purified using Sephadex G-25 quick spin columns (Boehringer, Mannheim). Concentrations were determined spectrophotometrically at 25°C using molar extinction coefficients at 260 nm calculated according to a nearest neighbour model (29) .
Oligonucleotide-directed triple helix formation was investigated using a 31 bp DNA target containing a 15 bp oligopyrimidine·oligopurine tract, which is part of the HIV-nef gene (located at position 8571-8585) and has been previously described (19) .
Gel retardation assay
TGGE experiments were performed with a Biometra TGGE System (kindly lent to us for testing by Vysis, France). A nondenaturing 12% polyacrylamide gel, 1 mm thick, soaked in 10 mM MgCl 2 and 50 mM HEPES, pH 7.2, was attached to a Polybond film to avoid deformation at high temperature and was set on a gradient block so that the temperature gradient was perpendicular to the electric field. Either the purine-rich strand of the 31 bp duplex or the TFO was 5′-end-labelled with [γ-32 P]ATP (Amersham, IL) using T4 polynucleotide kinase (New England Biolabs, Beverly, MA). Fixed concentrations (2 µM) of the TFO or the corresponding duplex target were added to 20 nM labelled TFO in the presence of 10 mM MgCl 2 , 100 mM NaCl, 50 mM HEPES, pH 7.2, 10% sucrose and 0.5 µg/µl tRNA. The samples were incubated overnight at the indicated temperature (4 or 37°C). The gel was loaded with 30 µl samples. It was then electrophoresed for 5 min at the incubation temperature at 150 V to ensure entry of the samples into the gel matrix. The slots were rinsed, the gel covered to thermally insulate it, a linear thermal gradient applied and the samples electrophoresed for 35 min at 205 V. The gels were scanned with a Molecular Dynamics 445SI Phosphorimager.
UV absorption spectroscopy
Thermal denaturation and renaturation studies of the target duplex or the homoduplex (2 µM) were carried out on a Kontron Uvikon 940 spectrophotometer with 1 cm optical path length quartz cuvettes. The cell holder was thermoregulated with circulating 80% water/20% ethylene glycol. The sample temperature was decreased from 80 to 0°C and increased back to 80°C at 0.1°C/min with absorption readings at 260 and 440 nm taken every 1-1.2°C. Samples were kept for an additional 10 min at the lowest and highest temperatures. All samples were prepared in a buffer containing 10 mM sodium cacodylate, pH 7.0, 100 mM NaCl and 10 mM MgCl 2 . For melting temperature (T m ) analysis the drift in baseline was corrected by subtracting absorption at 440 nm from that at 260 nm and plotted against temperature (°C). The maximum of the first derivative ∂A/∂T versus T was taken as an estimation of the T m value.
RESULTS
The competition between self-association and triplex formation was investigated using a 31 bp DNA target containing a 15 bp oligopyrimidine·oligopurine tract (31Y·31R) and a 13 nt (G,A)-containing TFO (called 13GA) (Fig. 1A) . Triplex formation has already been characterised for this system and it has been observed that the 13mer (G,A)-containing oligonucleotide forms a stable triple helix (19) . Previous spectroscopic and PAGE experiments have shown that the 13GA TFO forms a Mg 2+ -dependent intermolecular parallel homoduplex at low temperature and high oligonucleotide concentration, which can compete with triplex formation (Fig. 1B) .
Non-denaturing PAGE is a technique that relies on the difference in mobility of the nucleic acids in a polyacrylamide gel according to their shape/structure, charge and molecular weight under the action of an electric field and it thus allows us to study triplex formation and to detect the different structures adopted by an oligonucleotide. In TGGE a linear temperature gradient (0.6-0.8°C/mm) is applied by Peltier elements, perpendicular to the direction of the electrophoretic run ( Fig. 2A) . The TGGE method adds an additional parameter for separating molecules, namely temperature-dependent structural changes. Even if not fully quantitative, this technique is complementary to other techniques such as UV melting, as interconversion between different complexes is directly visualised. Figure 2A show a schematic TGGE gel pattern indicating the position of the different structures that we expected to be present in solution in our system. First, we tested the TGGE technique to follow melting of the 31 bp DNA target duplex (at 2 µM) radiolabelled on the oligopurine strand (Fig. 2B) . At high temperature the resolution of the gel is lost because of heat-accelerated diffusion. For comparison the UV cooling and heating profiles recorded at 260 nm of the same duplex at 2 µM are reported. There is good consistency between the two techniques, confirming the validity of the TGGE method (T m = 78°C by absorption measurements, 75°C by TGGE analysis).
In Figure 3A melting of the intermolecular parallel homoduplex formed by the 13GA TFO is observed (20 nM radiolabelled 13GA was mixed at 10°C with 2 µM unlabelled 13GA). Quantitative analysis of fusion of the homoduplex observed by TGGE is reported in Figure 3B and is compared to When 2 µM 31R/31Y duplex target was added to the 13GA solution depicted in Figure 3A at room temperature competition between self-association and triplex formation is clearly seen (Fig. 4A) . At low temperature 13GA is trapped in the homoduplex structure and the small amount of free single-stranded TFO is complexed to the target duplex, forming the triplehelical structure. Upon increasing the temperature the homoduplex dissociates and single-stranded 13GA binds to the duplex forming a triple helix, until the latter starts to dissociate and the signal corresponding to the single-stranded TFO appears. The TGGE method therefore allows us to directly monitor the switch of the third strand from the self-associated structure to the triple-helical structure and to determine the melting temperature of this very stable (G,A) triple helix, which was not possible by other techniques (19) . Figure 4B shows melting of the triple-helical structure formed by 20 nM radiolabelled 13GA oligonucleotide in the presence of 2 µM target duplex. In contrast to Figure 4A , the total concentration of the 13GA TFO was only 20 nM (as compared to 2 µM in Fig. 4A ). From analysis of this curve it was determined that half-dissociation of the 13GA third strand from the triple helix occurred at ∼63°C, below that of duplex melting (∼75°C).
DISCUSSION AND CONCLUSIONS
The perpendicular TGGE curve allows us to follow temperaturedependant structural changes of nucleic acids. Figure 2 shows denaturation of the target duplex and is compared with a UV absorbance denaturing experiment. The temperature range of the mid-transition is the same in the two experiments. It is important to note that the experimental conditions are quite different in the two methods (but similar in ionic conditions) and that in several cases, especially with (G,A)-containing oligonucleotides, it was possible to follow triplex formation by gel electrophoresis experiments at a fixed temperature but not by UV absorbance melting experiments (19, 30) . It is thus important to have access to the thermal behaviour of the species in gel electrophoresis experiments. As has already been reported (19) , the 13mer TFO investigated here forms an intermolecular parallel (G,A) homoduplex, which is Mg 2+ dependent and melts at 25°C (2 µM concentration, 20 mM sodium cacodylate, 10 mM MgCl 2 , 100 mM NaCl). Figure 3A shows the melting profile of this structure in a TGGE experiment. Again, the transition midpoint determined by this method (T 1/2 = 25 ± 1°C) is in good agreement with that obtained by UV melting experiments (Fig. 3B) . According to this work the homoduplex structure is present under conditions where the triple helix could form, therefore, we were interested in determining which species were present in solution at each temperature. Figure 4A shows a TGGE analysis, in the temperature range 20-65°C, of 20 nM radiolabelled 13GA and 2 µM unlabelled 13GA mixed and incubated for 12 h at 20°C in the presence of 2 µM 31R/31Y target duplex. The profile clearly shows that at low temperature the homoduplex structure is favoured as compared to the triple-helical one and only when the first structure melts does the single-stranded TFO bind to the target duplex to form the corresponding triple helix. At higher temperatures the triplex melts and only single-stranded 13GA is observed. This is the only reported example of direct visualisation of competition between self-association and triplex formation. The change in mobility seen for the triplex between 35 and 50°C might reflect either a conformational change within the triplex structure or a shift due to a change in concentration of the 13GA single strand arising from progressive dissociation of the homoduplex structure. If the temperature range of the experiment is shifted to higher temperature (30-75°C) and only the triple helix is preformed, melting of the triple-helical structure is obtained, with a T m value of 63°C (Fig. 4B) . This is the only technique that allowed us to determine the melting temperature of this (G,A) triplex; thermal denaturation experiments followed by UV spectroscopy failed, because of a lack of hyperchromism associated with dissociation of the (G,A)-containing third strand and the close proximity of the melting temperatures for the triplex and duplex species (19, 30, 31) . The observation of bands of intermediate mobility during melting of the triple helix might indicate that an equilibrium between the triplex and duplex + single strand occurrs within the gel matrix (32) , as previously observed when the 13GA oligonucleotide was electrophoresed at different concentrations (19) . In the latter case, instead of observing radioactive bands corresponding only to monomer and dimer, bands of intermediate mobility were observed when the concentration was raised from 20 nM to 20 µM. A similar phenomenon, called 'cyclic capture and dissociation' (CCD), was previously described by Belotserkovskii and Johnston for short-lived complexes when the faster migrating component A of the complex AB was labelled and the slower migrating component B was at a high concentration (32) . Under our conditions the situation is even more complex due to partial dissociation of the duplex 31Y·31R (see Fig. 2B ).
To visualise competition between formation of the parallel homoduplex and the triple helix we used the fact that the two structures have different temperature dependencies and gel electrophoretic mobilities (19) . This difference in behaviour with temperature has recently been explained by calculation of the enthalpy of formation for (G,A) triplexes (11) . These triplexes have an enthalpy of formation close to 0, which implies that these structures are practically temperature independent, and it was shown that they dissociate only when the duplex target dissociates. This explains why stable (G,A) triplexes have been observed at high temperatures even though the association constants are not as high as expected (8, 11) .
In conclusion, classical electrophoresis and TGGE rely on differences in mobility due to the shape/charge of the structure, while TGGE adds a new parameter, a temperature gradient that allows evolution of the structures with temperature to be followed. To obtain equivalent data by classical electrophoresis a gel for each temperature scanned by the gradient in the TGGE experiment should be done, which is tedious and time consuming. However, in order to validate the TGGE technique we have also analysed the same samples by classical electrophoresis at three temperatures (10, 37 and 55°C); similar results were obtained. The TGGE method allowed us to directly monitor in a single experiment dissociation of the TFO from the self-associated homoduplex structure and its binding to the target duplex to form a triple helix. At higher temperatures the TFO dissociates from the triple-helical structure and only the single-stranded TFO is observed. Finally, TGGE allowed us to determine the T m value of this triplex, which cannot be obtained by other methods.
UV absorbance melting experiments, which can give similar information, are limited to analysis of structures that have different absorption coefficients. In the case studied here, (G,A) triplex formation, UV spectroscopy failed because of a lack of hyperchromism associated with dissociation of the (G,A)-containing third strand.
Relying on differences in mobility of structures in a polyacrylamide gel under the action of an electric field, the TGGE technique is applicable to all structures formed by oligonucleotides (duplexes, triplexes, quadruplexes, etc.) and competition between structures having different thermal dependencies can be analysed and resolved. As further validation of the technique we have applied TGGE to follow a (T,C) triplex→(G,T) triplex interconversion previously studied by other techniques (11) .
